Dislocation density Double stir casting process a b s t r a c t A double stir casting process was used to fabricate aluminum composites reinforced with various volume fractions of 2, 4, 6, and 8 wt% RHA and SiC particulates in equal proportions.
Introduction
Composite materials are a mixture or a combination of two or more constituents differing in form and/or material composition and that are essentially insoluble in each other. Both constituents maintain their identity as they do not dissolve or melt in each other, and act in such a way that a new material results whose properties are better than the sum of their constituents. The incorporation of several different and often lower densities in comparison with most technical ceramics (boron carbide and alumina). Many researches have reported the potentials and limitations of the use of wastes as reinforcements [3, 4] . Prasad and Krishna [5] reported that the tribological properties of low-cost composites developed with the use of rice husk ash (RHA) have been increased along with some increase in mechanical properties. Prasad [6] investigated the damping behavior of the composites with rice husk ash as reinforcement and the results indicate the increase in damping capacity with the increase in particulate content. The increase in damping capacity has been attributed to several mechanisms such as thermoelastic damping, intrinsic damping, and interfacial damping. Several authors studied different properties of hybrid composites with graphite as reinforcement. Suresha [7] studied wear characteristics of hybrid aluminum matrix composites reinforced with graphite and silicon carbide particulates and found that hybrid composites exhibit better mechanical properties and wear characteristics. Jinfeng Leng et al. [8] studied the machinability of SiC/Gr/Al hybrid composites and their results showed that the presence of flake graphite particle acted as solid lubrication and promoted chip formation during cutting, resulting in an improved machinability. Alaneme et al. [9] studied the characterization and mechanical behavior of RHA reinforced hybrid composites and concluded that RHA has great promise to serve as a complementing reinforcement for the development of low cost products. Rice husk ash contains a quality of high surface area silica, which has been purified by chemical leaching and fluidization furnace. Mishra et al. [10] discuss the method of preparation of silicon and its purification procedure with rice husk ash. Rodriguez de Sensale [11] studied the strength development of concrete with rice husk ash. RHA is a highly pozzolanic material. The non-crystalline silica and high specific surface area of the RHA are responsible for its high pozzolanic reactivity. In the present work, an attempt was made to fabricate aluminum hybrid composites with silicon carbide (SiC) and agro waste RHA as reinforcements. Properties such as density, porosity, aging, and mechanical behavior were investigated and the related mechanisms have been discussed and presented.
Materials and method

Matrix material
In the present study, A356.2 with the theoretic density of 2760 kg/m 3 was used as a matrix material. The chemical composition of the matrix material is given in Table 1 . RHA particulates with an average size of 25 m and SiC particulates with an average size of 35 m were used as reinforcement materials. The chemical composition of RHA is given in Table 2 . Magnesium was selected as a wetting agent to improve wettability between the matrix and the reinforcements during production of the hybrid composites.
Pretreatment of RHA
Before incorporating the rice husk ash particulates into the molten metal, RHA was pretreated to RHA to free it from inorganic matter and carbonaceous material. The RHA particulates were thoroughly washed with water to remove the dust and dried at room temperature for 1 day. The rice husk was then heated to 200 • C for 1 h to remove the moisture. It was then heated to 600 • C for 12 h to remove the carbonaceous material. After this operation, its color changed from black to grayish white. The silica-rich ash, thus obtained, was used as a reinforcement material in the preparation of composites.
Preparation of hybrid composites
The aluminum alloy was charged into the graphite crucible and heated to 750 • C till the entire metal in the crucible was melted. The reinforcement particles RHA and SiC were preheated to 700-800 • C for 1 h before incorporation into the melt to remove moisture. After the molten metal was fully melted, degassing tablet was added to reduce the porosity. Simultaneously, 1% by weight magnesium was added to the melt to enhance the wettability between the matrix and the reinforcements. A stirrer made up of stainless steel was lowered into the melt slowly to stir the molten metal at a speed of 700 rpm. The speed of the stirrer can be controlled by means of a regulator provided on the furnace. The preheated SiC particles were added into the molten metal at a constant rate during the stirring. Stirring was continued for another 5-10 min even after the completion of particle feeding. After this stage the Al/SiC composite slurry was allowed to maintain at 700 • C for 10 min without stirring. The composite slurry was then heated to 750 • C and preheated RHA particulates were poured at a constant rate and the stirring was continued for 20 min. The mixture was poured into the mold (prepared for tensile test specimens) which was also preheated to 500 • C for 30 min to obtain uniform solidification. Using this double stir casting process, 2, 4, 6 and 8% by weight of equal proportions of RHA/SiC particle-reinforced hybrid composites were produced. 
Microstructural characterization
The microstructure of the hybrid composites was examined using an optical microscope (Model: Olympus), and a scanning electron microscope (SEM). JSM-6610LV scanning electron microscope equipped with energy dispersive X-ray analyser (EDX) was used to study microstructure of the hybrid composites. The samples of unreinforced and hybrid composites for SEM were cut from tensile specimens and ground by means of abrasive papers followed by rotating disk cloth polishing. Keller's reagent (95 ml water, 2.5 ml HNO 3 , 1.5 ml HCl, 1.0 ml HF), very popular general purpose reagent for Al and Al alloys, was used as an etching agent.
XRD characterization
X-ray diffraction patterns of the rice husk ash sample are taken using an Ultima IV X-ray diffractometer with CuK␣ radiation and Ni filter. The XRD analysis was carried out at a voltage of 40 kV and 30 mA current intensity.
Density and porosity measurements:
Density measurements were carried out on the base metal and reinforced samples using the Archimedes principle. This method of density measurement simply involves weighing the sample in air and in another fluid of known density. Application of the Archimedes' principle leads to the following expression for the density ( mmc ) of the composites:
where m is the mass of the composite sample in air, m 1 is the mass of the same composite sample in distilled water and w is the density of the distilled water. The density of distilled water at 20 • C is 998 kg/m 3 . Using this method, the densities of the base metal and hybrid composites were measured. During the process of fabrication of MMCs, some porosity levels are normal, because of the long particle feeding and the increase in surface area in contact with air. The volume fraction of porosity, its size and distribution in a cast MMCs play an important role in controlling the mechanical properties. Porosity levels must, therefore, be kept to a minimum. Porosity cannot be fully avoided during the casting process, but it can, however, be controlled. Porosity of the composites was estimated by the following equation:
where th and m are the theoretical and measured densities, respectively. th for a single constituent can be found from the rule of mixtures.
where m is the density of the matrix, V m is the volume fraction of matrix, r is the density of reinforcement and V m is the volume fraction of reinforcement.
The empirical relation for density can be modified for hybrid composites, by including the volume fractions for both the reinforcements (RHA and SiC) as follows:
where Al , RHA , SiC are the densities of aluminum alloy, rice husk ash and SiC, respectively; V Al , V RHA , V SiC are the volume fractions of aluminum alloy, rice husk ash and SiC, respectively. Also
The volume fraction of the reinforcement was calculated from Eq. (6)
Mechanical behavior
Tensile testing of the extruded samples was conducted in accordance with the ASTM E8 standard on round tension test specimens of diameter 10 mm and gauge length 60 mm using an automated servo-hydraulic testing machine (Instron 8501), with cross-head speed set at 0.254 mm/min. An initial strain rate of 1.69 × 10 −4 s −1 was used. The experiments were conducted at room temperature.
Age hardening studies of hybrid composites
Brinell hardness measurements were used to ascertain the age hardening behavior of the composites in the present study. The aging temperature was maintained at 155 • C for different time intervals. The composites subjected to aging were tested for their hardness using a Brinell hardness tester. A test load of 500 kg is applied to the specimens for 30 s. The diameter of the steel ball indenter was 10 mm. The size of the indent (d) was determined optically by measuring two diagonals of the round indent. The Brinell hardness number (BHN) was calculated for the unreinforced and hybrid composites using Eq.
. An average of five readings was taken for each sample for hardness measurement.
where F is the applied load in kg, D is the diameter of the steel ball in mm and d is the size of the indent in mm. Each hardness value presented is an average of at least five symmetrical indentations. samples were found to be 25 m and 35 m, respectively. The optical micrographs of aluminum composites reinforced with RHA and SiCp are shown in Fig. 2a and b. Optical micrographs of hybrid composites show clearly the uniform distribution of RHA and SiC in the matrix, and no void and discontinuities were observed. There was a good interfacial bonding between the particles and matrix material (Fig. 2b) . Fig. 3 shows the scanning electron micrograph of the hybrid composite.
Results and discussion
Microstructural characterization
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XRD characterization
The XRD pattern of the purified rice husk ash sample is shown in Fig. 4 . Only peaks corresponding to silicon dioxide and graphite are observed for RHA. The ash contains fixed carbon which does not burn off even at 1000 • C.
Density and porosity measurements
Fig . 5 shows the variation in measured density and the porosity of the base metal and the hybrid composites. It could be observed that the density decreases with increase in the reinforcement. The decrease in densities of the hybrid composites was due to the presence of low density RHA particulates. The theoretical densities are obtained from the rule of mixtures using Eqs. (1)- (7). Based on the measured and theoretical densities the porosity of aluminum alloy and the hybrid composites was measured and found to increase with the increase in reinforcement, as shown in Fig. 5 . The increase in porosity can be attributed to gas entrapment during mixing, hydrogen evolution, shrinkage during solidification, and air bubbles entering the slurry either independently or as an air envelope to the reinforcement particles.
Mechanical behavior
The results of the tensile tests at room temperature are shown in Fig. 6 with the weight % of reinforcement particles. From the figure it is observed that the ultimate tensile strength (UTS) and yield strength (YS) increase with an increase in the percent weight fraction of reinforcement particles and % elongation decreases with the increase in weight % of reinforcement particles. Higher the particle content, lower the elongation due to the increase in UTS and YS. The corresponding values are presented in Table 3 .
Several theories and mechanisms have been suggested to explain the strengthening of MMCs. However, the strength of the composites does not depend on a unique mechanism but several mechanisms may act simultaneously. In the present study, strengthening effect is mainly through an increased dislocation density arising from a thermal mismatch between the matrix and reinforcement.
Metal matrix composites are characterized by a large difference in the thermal expansion coefficient (CTE) of the matrix and the reinforcement (CTE of A356.2 is 21.4 × 10 −6 / • C, the CTE of RHA is 10.1 × 10 −6 / • C and the CTE of SiC is 4.3 × 10 −6 / • C). Even small temperature changes generate thermal stresses in the aluminum matrix. These stresses can be partially released by dislocation generation in the vicinity of the interface. Thus the dislocation density generated can be quite significant at the interface and can be predicted using the model of Taya and Arsenault [12] based on prismatic punching of dislocations at a ceramic particulate. The dislocation density at the interface is given by Eq. (8)
The empirical relation for dislocation density can be modified for hybrid composites as where B is a geometric constant that depends on the aspect ratio (it varies between 12 for equiaxed particulate and 4 for whisker-like particulate), ε is the thermal mismatch strain (the product of temperature change T, during solidification of MMCs and CTEdifference, ˛, between reinforcement and matrix), V r is the volume fraction of the reinforcement, b is the Burgers vector, and d is the average grain diameter of reinforcements. The CTE of the composites is relatively difficult to predict because it is influenced by several factors such as the internal structure of the composite, plasticity, etc. However, there are several analytical methods to predict CTE of the composites, which include simple rule of mixtures and thermo-elastic energy principles such as Kerner and Turner models. Based on the Kerner model, the CTE of the composites can be predicted using the following equation
Based on the Turner model, the CTE of the composites can be predicted using the following equation
where V is the volume fraction and ˛ the CTE of the component. The subscripts c, p, and m refer to the composite, particle and matrix, respectively. K is the bulk modulus of the components of the composite which can be found from the simple relations between elastic constants. And based on the rule of mixtures (ROM), the CTE of the composites is given by
The CTE of the hybrid composites is given by
Based on the above equations it was also observed that the CTE decreases and the dislocation density increases with the increase in percentage of reinforcement, as shown in Fig. 7 . The dislocation densities for the hybrid composites were then calculated based on equation 9 with an assumption for the Burgers vector of 0.32 nm for Al [6] , and are tabulated in Table 4 . The dislocation arrangement in the hybrid composites is shown in Fig. 8 . For the strengthening due to the presence of dislocations generated by the differential CTE, the following equation may be used:
where T is the yield strength contribution due to geometrical necessary dislocations, ˛ is a constant (values 0.5-1), G is the shear modulus, and b is the Burger vector. The reinforcing phase contributes to strengthening mainly through an increased dislocation density arising from thermal mismatch. 
